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INERRR.

Watertowrn arsenal Lavorasory

A AR

Report Yo, Al 710/546 26 Cctober 19U3
Proolen Mo. 32.6
ARMOR PLATE--ROLLZD '.
3allistic and iletallurgical Properties of .
13" SAZ 1035 Rolled Eomogeneous Araor Plate .
03JECT
To determine tne ballistic ancd metallurgical properties of four heats i
of SAZ 1035 rolled armor.
CONCLUSIO:"S

1. Although the SAZ 1035 rolled steels investigated passed the _
I stance-to-penetration requirements as of Specification AXS-48§, they i
falled to possess satisfactory ductility under the impact of 75 mm. T2l ‘
prootr projectiles.

2. The unsatisfactory shock resistance of SAZ 1035 rolled steels of |
tais thickness is correlated with the poor metallurgical properties, namely, N
inadequate hardenability, unsatisfactory microstructure and a low V-notch L

Charpy impact resistance.

3. Tais SAE 1035 rolled steel has a characteristic crystalline fracture
wiich is associated with poor shock resistance.
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I°CR0DTSIICT

In accoriasce with & vic3ran on the conservation of allovrs in rolled
ermor plate initjated ia Fedruarr 1CU2 Jv t-e ‘'ar Production 3oard, an
investizaticn was couducted at “atertowm Arsenal to Zetermine tihe ballistic
ard m2talluriical properzizs ¢f SAZ 1035 rolled steel,

Attention should Je called to tiae Zact tiat cince tiis investiszation
was undertalten, it :as Yeen deternminec at this Arsenal ‘tiat j00d qrality
arsor plate shaoulc possase adequate wardenability to quenci out uader ile
guerciing conditions available. Zardenalility studies niade on SAZ 1035
rolled steel indicate tiat 1} 7 tuiciz plate of this t;pe analysis has lowv
Larcenadility and tlerefore cannot be quencied to t:e required initial
iarcaess.

Three 1C00-1b. aeats of SAZ 1035 steel were made at Watertown Arsenal
and cast into incots of tis followinzg sizes:

o. 539 - 10 x 12 x 30" with kot top
0. 1031 - 6 x 12 x 30" with 2ot top
fo. 1032 - © x 12 x 30" with kot top

These ingots were slabhed and cross-rolled into plate approximately
25" x 26" x 13" at the plant of the Zenry Disston & Sons, Inc. Plate ifo. 539
was quencied in brine and not tempered at ‘fatertown Arsenal while plates
'o. 1031 and 1032 were neat treated at Zenry Disston & Sons, Inc., plate l'o.
1031 being spray quencied and not tempered, and plate io. 1032 Yein# bdbrine
quenched and not temperec.

In addition, two straight-away rollod plates, 32 x 16 x 13" plates,
vere obtained from the Younr-stown Sacet & Tube Co. for this investigation.
These plates vere roat t-eated at the nlant of Simonds Saw and Steel Co.;
plate "o. 1416 was spray quencied anc tempered wiiereas plate I'o. 1417 was
brine quencaed and temvered.

The details on the casting of ingots, rolling tie steel and heat
treating the plates are given in Inclosure A,

TEZST PROCEITURS

1, Ballistic Tests

Ballistic tests were mada ac follows:

a. Army dallistic limits were obtaired on plates brine quenched
and spray gquencried with the 37 mm. APC 5l fired at normal,

b. Representative nlates were sudjected to the shock test using
the 37 mm. TP K51 shot, 75 mm., AP T12 prcjectile with cap at 25° odliquity,
tae 75 mm, 721 procf projectile at normal, and the FTP test using the
37 mn, 51 APC shot, normal irmpact.



2. Metallurgical Zxamination

After completion of the bollistic tests, tiie plates werc sectioned
fer a metallurc-icel study whici: inclucdad the follewinz tests: chemical
aralys=s, ancrescopic examination, microscovic examirstion, Joulny rnerden-
ability tests, 3rinell ..arcness tests and Rocl:well "CP hardness surveys
on cross-sections of the vlates,

In adciti-n, fractira tests were made on eacl plate for sieel
quality. Secticns, 4" x 10!, were nicked perveadicularly to tze center
of the lengitudinal axis and droken slowly in a forze nrass,

Also, taree stanirrd V-notch Charpy iovact bars and two 357"
dlaneter tensile bere wore machiined from each plate. Tiese test dbors were
taken halfway bctween the surface and ti:e center and parallel to tle plate
surfaces.

=SL3I8_Al'D JISIUSSICY

1. 3allistic Tests

A summar;” of .hie tallistic tests is siven in Table I.
Detailed firing records are containec ir Apvendix A,

The ballistic linits of ths pletes were betwean 1 and 98 feet-per-
aecOﬁeei in excess of the specified bdballistic lizits required in Specification
AXS-4egs8,

A survey of the results of the shock tests indicate that this
type of steel may pass the 75 mm. AP shock test. On the other hand, this
steel is brittle under the impact of the 75 mm. 721 slug. One cross-rolled
plate, Uo. 1032, and one "straight-awey® rolled plate were subjected to
the PTP test using the 37 mm. 4PC 151 shot., The cross-rolled plate
behavaed satisfactorily while the"straight-away" rolled plate spalled ex-
cessively under this test. The cross-rolled plate, llo. 1032, was subjected
to the shock tert on & clear area of tha nlate with 75 mm. T2l proof
projectiles after the PTP test had been made. Although the fracture
occurred through previous impacts, it is baelieved that this armor would not
have met the shock requircuents undor Specificatioa AXS-U8g.

Cross-rolled plete, o, 539, siiowed goold cdietility under the
izpact of 37 mm. TP I51 saot,

The ballistic nromerties of tie brine quenched plates were not
superior to the water quenchei pletes.

2. lietallurzical Ixamination .

a. Cheaical Aselysis

The chenrical compositions of the test nlates are given in
Table II.
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SA3Lz II

Chenical Anairses

Plate i'o. _C _In _Si s P Cr .M fu Al
539 .35 .60 .01g .02 ,0068 .08 - .075 -
1031 .35 .B% .235 .022 .008 .05 trace .085 .022
1032 39 .91 .315 .022 .00T .05 trace .09 .03
141€ .30 .98 .23 .031 .017 - - - -
7 .30 .98 .23 .01 .07 - - - -

b. lacroscopic Examinatior.

Figure 1 illustrates the macrostructure of tie plates after
the deep acid etch.

The cross-rolled plates, i'os. 539, 1031, and 1C32,are relatively
free from segregation., Tae "straigkt-away" rolled plactes, 1'os.1416 and
1417, contain an appreciable amount of elongated nonmetallic inclusions.

&. Microscopic Zxamination

Typnical segregation of nonmetallic inclusions found in the
plates and also representative microstructures of tie brine and spray
quencied plates are shown in Figure 2.

An occasional series of disconnected fine nonmetvallic inclu-
sions were found in tLe central layers of sach plate. These inclusions
appeared to bYe small oxides and alumina, In all cases, as night te
expected, pronounced grain boundary ferrite which was rejected during the
quench surrounded grains of fine pearlite. Tais type of structure is
generally associated with a low 1ardenablility of the steel and poor shock
resisting properties as verified in the plates tested.

The grain size of the plates is reported below:

Plate Yo. 53° - duplex grain size ASTM 5-9
Plate io. 1031 .- duplex grain size ASTHM 6-9
Plate No. 1032 - duwplex grain size ASTY 6-9
Plate No. 1416 - duolex grain size ASTHM 6-8
Plate Mo, 1417 - duplex grain size ASTM 89

4. Jominy Hardenability Test

The results of the end-quench hardenability tests which are
shown in Figure 3 indicate that the rolled SAE 1035 steels investigated
have inadequate hardenability for good quality armor plate. In fact,
end-quench hardenability data indicatei that these steels hardened only
to a depth of less than 2/16" at a hardness level of 42 Roclkwell "C",

-l




8. TIrecturec Tests

’ The fractures of the SAZ 1035 steels varied from nearly
100% crystalline to mixed frectures, that is, crystallire and fidrous.
“uch fractures are associated with a microstructure containing ferrite
rejected on the quench anc with poor siaock resistance. Good quality armor,
on tie other hand, :as been siown to pcssess a Iivrous fracture wnich is
essociatel with a aicrostructure consisting of sphaeroidized sorbite or
tempered martensite and with resultant good siociz resistance.

Sore difficulty was experienced in the intorpretation of the
fractures for a steel quality rating cue to the presence of large crystalline
ereas preseat., Cirrstalline* fractures %tend to mask lamirations vresent in
the stesl.

f. llechanical Tcsts

(1) 3rinell Zardncss Dete.minutions and Rocizwell 0%
¥ardness Survers

The results of the 3rirell hardness determinations and
Rockwell "C" hardness surveys are given in Tadle III.

TASLE 1II

Brinell Eardness anc Rockwell "C" Harcneas Surveys
Brinell Hardress

Tosta Made on Averase Rockwell C
Cross-Section at Eardness Made
Vatertown arsenal 1/16" apant on Cross-Section
Near Yeer at ‘‘atertown Arsenal
Plate lo. Center Surface lear Center Near Surface
539 not emaencact 183 183-187 6.5 9.5 5 12
Spray Queanched -
1031 BT Femorod 170 167-187 6 g 6.5 13.5
1032 Jryng Jemchod 197 201207 M 135 145 16.5
g oy Wanched 22 192212 15 17 10 18
3rine Quenched
W7 e Temerea - 27 235-23 17 19 2 %

The lu' Brirell hardness determirationc are typicel of
rormalized medium carbon steel and confirm the results of the microscopic
examination in tiat plain medium cardon steocl of this thiclmess cannot be
quenched to a nrover uniform initial ardness vhich is necessary in the
neat treatment of tood gualitr srmor plata.

1. Mavestigation of Heat Treating Varianles Affscting the Quality of
ilick Froctures" - Great Lekes Stesl Corp., C. R. Schroder, 22 Mar. 19k2,




RESTRICT=D

3. ZTensile Jeosts and V-lotck Charpy !mpact Tests

The results of the tensile tests and V-actch Charpy icpact tests
are given in Table IV.

The steels have a fairly good combination of strength and
ductility, Tie ductility of the straight-away rolled plates in the trans-
verse direction is slightly lower tiharn that of tie cross-rolled plates in
the same direction.

The V-notch Charpy values of this material are relatively low aad
are typical of poor guality ermor, that is, containing rejected ferrite
on the qucnch and poor shock properties.

Recently it hag been cetermined that good quality rolled armor with
a uniform microstructure of spheroidized sorbdite had a V-notci: Charpy
value of approximately 100 foot-pounds in the longitudinal direction at a
hardness of 270 Brinell.

SUad3Y

The ballistic limits of thc SAE 1035 rolled cteels, in several in-
stances, compared favorably with those of some of the low alloy armor now in
prod&ction. These results were confirmed in the testing of several
SAZ * 1035 cast plates of approximatoly the same ti:ickness.

A PTP test made on & cross-rollec plate and "straight-away® rolled
Plate with the 37 mm, APC }M51 shot indicated that the "straight-away" rolled
plate showed groater spalling tondcncies than the cross-rolled plate.

This type of materiel was very brittle under ths impact of 75 mm. T2l
proof projectiles.

The SaZ 1035 rolled steol lavcstigated has boen found to have inadequate
hardenability for good quality armor. A good correlation was obtained be-
tween unsatisfactory snock resistancc of this steel and its poor metallurgical

properties,

It was impossible by snray quenciing or quenching in brine to obtain
a proper uniform initial hardness which is nscessary in the heat treatment
of good quality araor plate.

The ballistic propertics of the brine quenchod platas were not
superior to the spray quenched plates,

2. Watertown arscnal Roport :'o. 710/457, June 30, 1543,
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LRO0ANEL QEET 4 24

BENTTRNT ARRRYS.
MACROSTRUCTURE OF 8 A € 1035 ROLLED ARMOR PLATL

NO. 539 V.A, CROSS MOLLED = BRINE OQUENCMED, NOT DRAWN,
NO, 103t w,A, CROSC ROLLED = SPRAY QUENCHED, NOT DRaw,
NO, 1C32 V.A, CROSS ROLLED — BRINC QUENCHED, NOT ORAWN,
NO. 1416 YOUNGSTOWN SHMEELT & TUBE CD, = STRAIGHTWAY ROLLED,
MO, 1417 YOUNGSTOWN SHELT & TUBL €O, — GCTRAIGNTWAY ROLLED,
14 AUGUST 1943

SPRAY GUENCHED, DRawN,
BRINE QUENCHED, DORAWN,
WIN,7I1C<C137

FlG.



-8

- ——

o 3= 227

=T

el L3 axpesizentel i " dolled areor Flate

X100 539 Unetched
J'pical very disconnected ncn-
zetelile inclusions,

Ferrito and fins pearilite,

Brine quenched, ro diraw

AR
. . » e
L. - : ﬂ’al »~ "

X100 103 Unetched ( ' Picral

Ferrite and fine pearlite
Spray qienched, no draw,

Tvpical disconnected non-
aetallic inclusione,

X100 47 Unetched
Typical segregation of fins
slongated non-metallic inclu-

sions.

Ferrite and fine pearlite.

3rine quanchea, drawn at 5CO°J.
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INCLOSURE A



ISCLOSURE A

Melting Procedure

Three 1000-1b. heats of SAE 1035 steel were melted in an acid lined
induction furnace end decxidizod with 1i-21bs. of aluminum per ton., The
Leats were cast into ingots of the folloving sizes:

Yo, 539 - 10 x 12 x 30" with hot top
W¥o. 1031 - 6 x 12 x 30" with hot top
Yo. 1032 - 6 x 12 x 30" with hot top

Slabbing of Ingots and Rolling into Plates

Inzots Nos. 533, 1031 and 1032 werc slabbed and rolled into 14" thick
plate at the plant of Henry Disston & Sons, Inc. as noted below:

Size of Pinal Annecaling Temperature

Iagot 1o, Plate R Tomoors after Final Rollirng
539  35x2lxlin 2200°F 1200°F at temperature for 10 hrs.
1031 36x27x13" 2256°F 1200°T at temperature for 2 hrs.
1032 36x27x1i" 2240°F 1200°F at temperature for 2 hrs.

Hoat Treatment of Plates

Plute Jo. 539 was heat trecated at Watertown Arsenal. Plate ilos.
1031 and 1032 were heat treated at the plant of Eenry Disston & Sons, Inc.
while plate Nos. 1416 and 1417 were heat trented at the plant of Simonds Saw
ond Steel Co.

Reported
Quench Quench Brinell
Plate No, Temperature ifedia Xraw Hardnoss
539 1600°F - 3 hrs. 8% Brine Yone 187
1031 1575°F Water Spray fono 217
1032 15757 *Brine Wono 207
1416 1600°F - 2 hrs. Water Spray 50C°F - 2 hre. 228-235
7 1600°F - 2 hrs. *Brine 500°F - 2 hra. 241-262

*Saturation.of bdbrine not stated.



Ballistic Data Sheet ifo. 1

Cross-Rolled Plate i'o. 539 - Size 21x35kx13"
3rine Querched not Tempered

Ref. W.A, Firing Records No. 1 and 2, 11, 13 July 19k2,
Ref. APG Firing Record le. 44069, 8 Aug. 1942,

Plate Striking
Rd. J'o. Powder Charge Velocity Results
37 mm. APC 151 Firings:
1 2.7 oz. 1627 CP 1/4" x 1/hn,
2 2.6 osz. 1573 CP 1/8" x 3/16",
3 2.50 oz.  1556® cP 1/8" x 1/2",
M 2.4%0 os. 1524 PP MB
5 5.80 og. 2313 CP PT L-1/4" x 1-3/8", Full
petalling,
6 2.35 oz. 1526 PP 3acked by support.
7 2.40 oz. lost PP 13
] 2.50 oz. 1578 PP Backed by support.
9 2,50 oz.  1575° CP 1/2" x 1/h",
10 2.40 oz, 1532° PP MB
37 mm. TP Mhl Sirings:
1 6.5 oz. 502 PP DPurching sterted. Basy intact.
75 om. AP T2 (with Cap) Firing - 25° Obliquity
1 10.30 oz. 925 FP Depth penetration 1-3/W7, 2-1/i¥

horizontal crack on LB.

83allistic Limit - 1541 £/s
P3allistic Limit - 1554 f/s

PLATZ SATISFACIORY




Ballistic Data Sheet llo. 2

Cross~Rolled Plate No. 1031 ~ Sizo 36x27x1}®
Spray Quenched, not Tempered

Rof. APG Firing Record llo. A5THO, 27 Jan. 19U3

Plate Striking
Ad, o, Powder Charge Velocity Results
[5 mm, T21 Froof Projectile Firing:
1l 18.35 os. 1212 CP Plate broke into two pioces.

" PLATE UNSATISFACTCRY




3allistic Data Sheet No. 3

Cross-Rollec Plate fo. 1032 - Size 3hx27alit
3rine Quencied not Tempered

Rof. 4PG Firing Record Mo. A5TUO, 27 Jan. 19U43
Ref. APG Report :Jo. AD-523, 23 Hay 1943,

Plate . Striking
2d, o, Powdor Charsze Velocity Regults
37 mm. APC MS1 Firings:
1 2.90 sz, 1730 CP nose through 15/16". Open SC on
13,
2 2.55 oz. 1578 PP depth of pezetration 1-15/16%. SC
on i{B.
2.88 oz. 1645 CP nose in plate. SC or L3.
L 2,71 os. 15932 PT Depth of penetration 1-15/16".
SC on LB.
5 6.95 oz. 2501*  CP BS 2-1/s x 2-1/8". PTP. One
petal,
15 mm. T21 Proof Projectils Firing Normal.
1 1253b Plate broke into two pieces. Frac-

turo cccurring through previous
37 mm. K51 APC impacts,
%B0l1istic Limit 1619 #/s

Fracture of platc was crystalline,While the fracture occurred through
previous impacts it is believed that this armor would not have met the
shock requirements under Specification AXS-Ug8,

PLATE SATISFACTORY F2P TEST, FAILED O SZOCK.




BALLISTIC DATA SHEZT MO. 4

mStraight-avar® Rolled Plate Fo. 1416 - Size 36x32xIA"
Spray Quenched and Tempered
Bef. APG Firing Rocord No. A5740, 27 Jan. 1943

Plate Striking
Rd, No. Powder Charse Velocity Results
3] om. APC HM51 Firings:
1 2.75 osz. 1646 GP daylight through large opening.
Open SC on l3.
2 2.65 os. 1582 FP depth of penetration 1-7/8".
SC on MB.
3 2.70 os. 1614® CP doylight through small crack -
. Transversc crack on MB,
L 6.95 sz. 252‘4'a CP diameter of pemetration including

BS 3-5/8" x 3-5/8%". PTP,

8Ballistic Limit - 1598 /s
PLATE FAILZD PTP D2EST




BALLISTIC DATA SHEET NO. §

"Straizht-away" Rolled Plate Mo. 1417 - Size 36x32x1a®
Brine Quenched end Tempered
Ref. APG Firing Record Yo. A5740, 27 van. 1943

Plete Striking
Rd, Ho. Powder Charge VYolocity Remarks
[5 mm. Tl Proof Projectile Firing - Normal
1 18.35 os. 1226 CP plate brnke into five pieces.

PLATE FAILZD OF SHOCK TEST
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